The technical quality of the presented structure is very high and the interpretation of the density map based on a homology model is appropriate. The conclusions are well presented and justified by the experimental results. The results are novel and have great biological significance. They also lay the foundation for further work on the structure and function of the H+,K+-ATPase. I recommend this manuscript to be published in the EMBO Journal in its current form.
Referee #2 (Remarks to the Author):
A 6.5 ≈ resolution EM structure of the gastric acid pump (H,K-ATPASe) is presented by Abe et al. It represents an important result on a very difficult project of very significant interest to a broad community. Not only is this a membrane protein pump which is highly recognised for its role in acidification of the gastric juice, but also it represents one of the most important clinical targets with annual sales probably exceeding 10 billion USD. Despite these cues of interest the structural insight is sparse and this report therefore very important. The authors use the EM map obtained to present a homology model based on the Na+,K+-ATPase structure, the most closely related cation pump and for which a crystal structure was recently obtained.
The map represents what is apparently an E2P-like state although buffer condition clearly aim at an E1P-like state -this leaves of course som uncertainty on what state is actually being studied. Frequent reference to Helmich-de Jong et al.1985 is used to certify that E2P-like states are indeed preferred and the backwards E2P-to-E1P transition highly disfavoured. However, it should be noted that those studies were performed in microM Mg2+ -proper function will require mM Mg2+ to stabilise nucleotide binding and proper function of the phosphorylation site. The map suggests that the cytoplasmic N-terminal domain of the beta-subunit protrudes and forms a contact to the P-domain of the alpha subunit. It would be nice to see more structural analysis of what would be the interaction sites and how they are conserved in sequence and diverge between Na+,K+-ATPase and H+,K+-ATPase. Also if these sites have been subject to mutational studies in e.g. Na+,K+-ATPase and what such studies could show. A range of straightforward aspects of structural analysis is thus available and would need attention in a report like this. These hints would provide important basic information on what might be determinants of specific functional aspects between these two pumps and prompt further studies.
The observation of a betaN-alphaP contact brought Abe et al. to further analyse the effect of beta Nterm deletion mutants (delta-4,8,13) . Using a HEK-293 expression system they find indications of alterations of E1P/E2P equilibria for the delta8 and delta13 mutants as measured by ADP-sensitive dephosphorylation and trypsin cleavage patterns. These observation lead to their conclusion (and MS title) of a betaN ratchet mechanism stabilising the E2P enzyme as a specific characteristic of the H,K-ATpase. This part is of course interesting but the experimental evidence remains unsatisfactory. As the authors point out themselves the betaN density is not accounted for by helix structure assignment which can be rationally approcahed by deletions -so if for example beta-structure is present deletion mutants will cause significant problems with general structural integrity which always alter function. Chimeric construct with Na,K-ATPase betaN domains might be better suited than deletion mutants and should be expected to show effects on E2P stabilisation. Furthermore the previously mentioned sequence/motif analysis might pinpoint putative interaction sites that would be well suited for mutational analysis as a better choice than deletion mutations.
It is therefore suggested to put less emphasis on the ratchet model and more attention on the "breadand-butter" structural analysis based on the homology modelling and available literature on Na+,K+-ATpase function for comparisons. This alone would be a remarkable contribution. Alternatively, the authors could opt for additional studies of mutant forms to further verify the ratchet mechanism, but that would perhaps be better suited for a separate paper in the future.
Referee #3 (Remarks to the Author):
The authors of the manuscript "A novel ratchet mechanism of gastric H,K-ATPase" present the structure of the H,K-ATPase based on electron crystallography of 2D crystals. By comparing their structure with the crystal structure of the Na,K-ATPase, the authors found that in the H,K-ATPase, but not in the Na,K-ATPase, the N-terminal tail of the beta subunit is in a direct contact with the phosphorylation domain of the alpha subunit. The authors hypothesized that this interaction stabilizes the E2P conformation of the enzyme and prevents the reverse reaction E2P to E1P to occur, thus enabling the H,K-ATPase a very large proton gradient across the parietal cell membrane. To test this hypothesis, the authors generated truncated mutants of the beta subunit that lack 4, 8 or 13 N-terminal amino acid residues and studied the effect of mutations on ATPase activity, affinity for potassium ions and phosphorylation/dephosphorylation of the enzyme. The results of these experiments have shown that two of the three mutations accelerated ADP-induced dephosphorylation of the phosphoenzyme, while the sensitivity of the mutant phosphoenzymes to K+ did not change. It is known that the fraction of EP that is sensitive to K+ represents the E2P form, while the ADP-sensitive fraction of EP is the E1P. Therefore, the authors made a valid conclusion that truncation of 8 or 13 amino acid residues from the N-terminal tail of the beta subunit resulted in a shift in equilibrium between E1P and E2P towards E1P. These data are in agreement with their structural data that show a direct contact between the N-terminal tail of the beta subunit and the P domain of the alpha subunit. However, the authors try to extend this conclusion and propose "a novel ratchet mechanism of the gastric H,K-ATPase". They postulate that the N-terminal tail of the beta subunit is important for stabilizing the phosphorylation domain of the alpha subunit and inhibiting the E2P to E1P reaction in a catalytic cycle, thus "preventing inefficient ion transport or reverse-flow of protons and thereby enabling the H,K-ATPase to generate a large H+ gradient." The quoted statement is highly speculative and is not supported by any experimental data. On the contrary, the results presented in the manuscript testify against this statement. None of the truncations of the beta subunit affect ATPase activity, formation of phosphoenzyme, turnover number or affinity for K+. Therefore, a shift towards E1P conformation in the mutants does not affect the overall ATPase reaction, indicating that N-terminal amino acid residues of the beta subunit are not important for "preventing inefficient ion transport or reverse-flow of protons" and generating a large H+ gradient. I believe that the authors should change the title of the paper by focusing on the novel structural features they found for the H,K-ATPase. "A novel ratchet mechanism" is not appropriate as a title because the authors do not present experimental evidence for this mechanism. Accordingly, the last sentence in the abstract and the last sentence in the Introduction should be rephrased. Alternatively, the authors should present new experimental data that prove the importance of the interaction between the beta subunit and P domain. Major comments. 1. Phosphorylation-dephosphorylation assay (Fig. 3B and Supplementary Figure S3, C) .The authors analyze the amount of EP on the gel and indicate the lower band as the phosphoenzyme of the H,KATPase (arrowhead). What is the upper band? It's density depends on the presence of SCH28080, especially in the mutant, indicating that its radioactivity is also associated with the H,K-ATPase. 2. The main conclusion of the mutational data is based on the comparison of densities of the bands corresponding to chasing EP without ligands (lanes 5-6) or with ADP (lanes 8-9) (Supplementary Figure S3, C) . The difference between densities of lanes 5-6 and lanes 8-9 is taken as a measure of ADP-sensitive dephosphorylation of EP. The authors claim that this difference is affected in the mutants. However, the digital autoradiography introduces a huge error in quantification of the results. The range of linear dependence between the amount of phoshoenzyme and the density of the band is very narrow. Thus, the bands on lanes 2-3, 4-5 and 8-9 for the WT look over-saturated. As a result, the difference between 5-6 and 8-9 might be underestimated in the wt, but not in the mutant. Radioactivity of EP should be counted directly either in Trichloroacetic Acid precipitates (+/-SCH28080) or after cutting the EP band from the gel. 3. Statistical analysis should be performed properly. The number of experiments and statistical significance of differences should be indicated. I noticed that the error bars on the graph presented on Supplementary Figure S3 ,A were not calculated correctly. For example, the error bars for the wt and the mutant delta-13 look smaller than they should be (the relative error for the turnover number should be a sum of relative errors of Specific activity and EP). 4. The description of the ATPase activity assay should be presented.
Minor comments: 1. Abstract: "Different from other P-type ATPases..." The authors, probably, meant "different from the Na,K-ATPase. The Ca-ATPase does not have a beta subunit.
1st Revision -point-by-point response 16 February 2009 Answer to Referees
Comments by Referee #1 << The manuscript by Abe et al. describes a 6.5 A density map of pig gastric H+,K+-ATPase obtained by electron crystallography of double-layered 2D crystals. The map was interpreted by docking a homology model of the H+,K+-ATPase based on the crystal structure of Na+,K+-ATPase into the map. Comparison of the resulting structure with structures of other P-type ATPases suggests that the protein adopts a pseudo-E2P conformation, which is the preferred conformation for the H+,K+-ATPase. The major difference of the presented H+,K+-ATPase structure of those of other Ptype ATPases is that the N-terminus of the beta-subunit adopts a novel conformation that places it in direct contact with the P domain of the alpha-subunit. The authors then demonstrate by kinetic analyses of deletion mutants that truncation of the N terminus of the beta-subunit allows the enzyme to undergo the reverse reaction from the E2P to the E1P state, which does not occur in wild-type protein.
The authors conclude that the N terminus of the beta domain acts as a ratchet that prevents the E2P to E1P reaction and thus allows gastric H+,K+-ATPase to generate an extremely high proton gradient across the gastric membrane. The technical quality of the presented structure is very high and the interpretation of the density map based on a homology model is appropriate. The conclusions are well presented and justified by the experimental results. The results are novel and have great biological significance. They also lay the foundation for further work on the structure and function of the H+,K+-ATPase. I recommend this manuscript to be published in the EMBO Journal in its current form. >>
Response:
We thank referee #1 for emphasizing the reliability of our cryo-EM structure and endorsing our hypothesis based on both structural and experimental evidence.
Comments by Referee #2 (1) << A 6.5 ≈ resolution EM structure of the gastric acid pump (H,K-ATPASe) is presented by Abe et al. It represents an important result on a very difficult project of very significant interest to a broad community. Not only is this a membrane protein pump which is highly recognised for its role in acidification of the gastric juice, but also it represents one of the most important clinical targets with annual sales probably exceeding 10 billion USD. Despite these cues of interest the structural insight is sparse and this report therefore very important. The authors use the EM map obtained to present a homology model based on the Na+,K+-ATPase structure, the most closely related cation pump and for which a crystal structure was recently obtained..>>
First of all, we would like to thank referee #2 who notes the importance of the structural analysis of H+,K+-ATPase, and also for his/her insightful comments on the functional property of H+,K+-ATPase as described below.
Comments by Referee #2 (2) << The map represents what is apparently an E2P-like state although buffer condition clearly aim at an E1P-like state -this leaves of course som uncertainty on what state is actually being studied. Frequent reference to Helmich-de Jong et al.1985 is used to certify that E2P-like states are indeed preferred and the backwards E2P-to-E1P transition highly disfavoured. However, it should be noted that those studies were performed in microM Mg2+ -proper function will require mM Mg2+ to stabilise nucleotide binding and proper function of the phosphorylation site.>>
As pointed out by the referee #2, the buffer composition for 2D crystallization is aimed to fix H+,K+-ATPase molecules in pseudo-E1P-ADP state. However, the relative arrangement of the cytoplasmic domains clearly suggests that the pump molecule is in E2P state, at least, not in E1P-ADP state ( Figure 2A ). We also confirmed the reaction state by limited trypsin digestion which also suggested E2P conformation of the H+,K+-ATPase in the solution as well as in 2D crystals ( Figure  S2 ). We therefore believe that the studied conformation is AlF4 bound pseudo-E2P state, with bound ADP in low affinity mode. Referee #2 correctly points out that the experiment by Helmich-de Jong was performed in the presence of low concentration of Mg2+. However, since our pulse-chase assay was carried out in the same conditions among all constructs, we think that our results are reliable to show the ability of E1P formation of N-terminally deletion mutants. Therefore, we add following sentence in the text (Page 13, Line 11-12).
", albeit under somewhat artificial conditions in vitro."
Comments by Referee #2 (3) << The map suggests that the cytoplasmic N-terminal domain of the beta-subunit protrudes and forms a contact to the P-domain of the alpha subunit. It would be nice to see more structural analysis of what would be the interaction sites and how they are conserved in sequence and diverge between Na+,K+-ATPase and H+,K+-ATPase. Also if these sites have been subject to mutational studies in e.g. Na+,K+-ATPase and what such studies could show. A range of straightforward aspects of structural analysis is thus available and would need attention in a report like this. These hints would provide important basic information on what might be determinants of specific functional aspects between these two pumps and prompt further studies.>>
As pointed out by referee #2, it is possible to compare the amino acid sequence of the -subunit Nterminus. The -subunit N-terminal sequence of the Na+,K+-ATPase is five amino acid shorter than that of H+,K+-ATPase. However, because of our limited resolution in the EM structure of H+,K+-ATPase, we purposefully do not discuss any specific interactions between individual amino acids in our paper, and we believe our data of N-terminal deletion mutants sufficient to show the E2P stabilizing effect from structural and functional point of view. Further detailed point mutation as well as chimeric analyses would be important for the future work based on this paper. We also appreciate the valuable suggestion by referee #2. There are several reports which describes N-terminal deletion mutant of Na+,K+-ATPase. The -N-terminal 34 amino acids deletion has shown lower affinity for both Na+ and K+ than wild-type (Geering et al, 1996 , Hasler et al, 1998 , but not affected surface expression of the pumps. However, in our knowledge, much shorter deletion of -N-terminus has not yet been investigated. The chimeric study of the H+,K+-ATPase -N-terminus has been reported previously by Asano et al. A chimera which has a N-terminus and/or a TM-helix of Na+,K+-ATPase 1 and an ectodomain of H+,K+-ATPase -subunit shows slightly higher specific activity, but little change in their K+ affinity and no information about E1P/E2P equilibria of these mutants (Asano et al, 1999) . Therefore, so far we cannot compare our result with other studies. A possible comparison is the result using monoclonal antibody for the cytoplasmic side (i.e. Nterminal) of the -subunit by Chow and Forte. The binding of this MAb inhibits H+,K+-ATPase activity without changing K+ affinity (Chow DC, Forte JG (1993) Characterization of the -subunit of the H+-K+-ATPase using an inhibitory monoclonal antibody. Am. J. Physiol. 265: C1562-C1570). The binding of a bulky antibody or its FAb might interrupt the movement of the P domain thus inhibit ATPase activity. Our deletion experiment clearly shows E1P shift, but no change in K+ affinity on ATPase activity, which seems consistent with the inhibitory mode of the N-terminal MAb. It is also likely that the N-terminal deletion is not inhibited ATPase activity, since the truncation does not affect the forward reaction, as we discussed in the text. However, since the epitope sequence of this antibody is not clear in the present, we would like to hold to compare the inhibitory effect of the antibody with our result in the present paper. Therefore, we added following sentence in the text, according to the suggestion by referee #2 (Page 15, Line 12 ñ Page 16, Line 5). Accordingly, we added two references (Geering et al, 1996 , Hasler et al, 1998 .
"Comparison of the amino acid sequences of the N-terminal part of gastric H+,K+-ATPase -subunit and kidney Na+,K+-ATPase 1-subunit reveals that -subunit of H+,K+-ATPase has 5 amino acid longer than that of Na+,K+-ATPase. The N-terminal 34 amino acids deletion of the Na+,K+-ATPase -subunit has shown lower affinity for both Na+ and K+ than wild-type, but not affected surface expression of the pumps (Geering et al, 1996 , Hasler et al, 1998 . A chimeric study of this portion showed that the N-terminal swapping gave a functional -complex of H+,K+-ATPase with a slightly higher specific activity (Asano et al, 1999) . Therefore, it would be interesting to perform an analysis of the E1P/E2P equilibrium for much shorter deletion of Na+,K+-ATPase -subunit or its chimera with H+,K+-ATPase in order to understand the compatibility between closely related isoforms."
Comments by Referee #2 (4) << The observation of a betaN-alphaP contact brought Abe et al. to further analyse the effect of beta N-term deletion mutants (delta-4,8,13) . Using a HEK-293 expression system they find indications of alterations of E1P/E2P equilibria for the delta8 and delta13 mutants as measured by ADP-sensitive dephosphorylation and trypsin cleavage patterns. These observation lead to their conclusion (and MS title) of a betaN ratchet mechanism stabilising the E2P enzyme as a specific characteristic of the H,K-ATpase. This part is of course interesting but the experimental evidence remains unsatisfactory. As the authors point out themselves the betaN density is not accounted for by helix structure assignment which can be rationally approcahed by deletions -so if for example beta-structure is present deletion mutants will cause significant problems with general structural integrity which always alter function. Chimeric construct with Na,K-ATPase betaN domains might be better suited than deletion mutants and should be expected to show effects on E2P stabilisation. Furthermore the previously mentioned sequence/motif analysis might pinpoint putative interaction sites that would be well suited for mutational analysis as a better choice than deletion mutations. >> Response: Referee #2 is concerned whether the detected effect of deletion is the consequence of some secondary effects such as misfolding or problems with its structural integrity. We take the following results to exclude such possibilities; Although some deletion mutants shows relatively low expression level, every mutant is functionally expressed their specific activity on the plasma membrane fraction of HEK cells. The turnover number and K+-affinity of deletion mutants are same with those of wild-type within the experimental error. It has been reported that the misfolded or immature H+,K+-ATPase is degraded by the ubiquitin-proteasome system in HEK-293 cells (Kimura T, Ishizuka H, Yoshida A, Morii M, Takeguchi N, Asano S, (2003) Quantity and quality control of gastric proton pump in the endoplasmic reticulum by ubiquitin/proteasome system. Biochemistry, 42: 4771-4779). Thus, we believe that the observed effect in E1P/E2P equilibrium would be due to the deletion of the N-terminal structure itself.
Comments by Referee #2 (5) <<It is therefore suggested to put less emphasis on the ratchet model and more attention on the "bread-and-butter" structural analysis based on the homology modelling and available literature on Na+,K+-ATpase function for comparisons. This alone would be a remarkable contribution. Alternatively, the authors could opt for additional studies of mutant forms to further verify the ratchet mechanism, but that would perhaps be better suited for a separate paper in the future.>> Response: As shown in Figure 2A and B, our homology model fits well into the EM map, suggesting the reliability of our homology model. However, we purposefully do not discuss the coordination of the individual amino acids because of our limited resolution in the EM map. Therefore, we believe that our present manuscript contains all of the structural information, which is allowed to discuss at medium resolution. However, according to the suggestion by referee #2, we have changed the title as well as several parts of the manuscript to put less emphasis on the ratchet model as follows.
Title:
"Inter-Subunit Interaction of Gastric H+,K+-ATPase Prevents Reverse Reaction of the Transport Cycle"
The last sentence of Abstract (Page 2, Line 11-13): "These results suggest that the -subunit N-terminus prevents the reverse reaction from E2P to E1P, which is likely to be relevant for the generation of a large H+ gradient in vivo situation."
The last sentence of Introduction (Page 5, Line 1-4): "Based on functional analyses of -subunits with N-terminal deletions, the observed interaction contributes to the inherent E2P preference of H+,K+-ATPase, which would be important for the prevention of the reverse reaction of the transport cycle."
Results and Discussion Title of the paragraph (Page 14, Line 3): " N involvement in the E1P/E2P equilibrium" (Page 16, Line 10-12): "We propose a novel molecular ratchet mechanism that explains the preference of the gastric H+,K+-ATPase for the E2P state, which is likely to be relevant for the generation of a million-fold proton gradient across the gastric parietal cell membrane." (Page 17, Line 7-9): "However, for a full understanding of the ratchet mechanism 3D structures of the gastric H+,K+-ATPase in other reaction states combined with further functional studies will be required."
Comments by Referee #3 (1) << The authors of the manuscript "A novel ratchet mechanism of gastric H,K-ATPase" present the structure of the H,K-ATPase based on electron crystallography of 2D crystals. By comparing their structure with the crystal structure of the Na,K-ATPase, the authors found that in the H,K-ATPase, but not in the Na,K-ATPase, the N-terminal tail of the beta subunit is in a direct contact with the phosphorylation domain of the alpha subunit. The authors hypothesized that this interaction stabilizes the E2P conformation of the enzyme and prevents the reverse reaction E2P to E1P to occur, thus enabling the H,K-ATPase a very large proton gradient across the parietal cell membrane. To test this hypothesis, the authors generated truncated mutants of the beta subunit that lack 4, 8 or 13 N-terminal amino acid residues and studied the effect of mutations on ATPase activity, affinity for potassium ions and phosphorylation/dephosphorylation of the enzyme. The results of these experiments have shown that two of the three mutations accelerated ADP-induced dephosphorylation of the phosphoenzyme, while the sensitivity of the mutant phosphoenzymes to K+ did not change. It is known that the fraction of EP that is sensitive to K+ represents the E2P form, while the ADP-sensitive fraction of EP is the E1P. Therefore, the authors made a valid conclusion that truncation of 8 or 13 amino acid residues from the N-terminal tail of the beta subunit resulted in a shift in equilibrium between E1P and E2P towards E1P. These data are in agreement with their structural data that show a direct contact between the N-terminal tail of the beta subunit and the P domain of the alpha subunit. However, the authors try to extend this conclusion and propose "a novel ratchet mechanism of the gastric H,K-ATPase". They postulate that the N-terminal tail of the beta subunit is important for stabilizing the phosphorylation domain of the alpha subunit and inhibiting the E2P to E1P reaction in a catalytic cycle, thus "preventing inefficient ion transport or reverse-flow of protons and thereby enabling the H,K-ATPase to generate a large H+ gradient." The quoted statement is highly speculative and is not supported by any experimental data. On the contrary, the results presented in the manuscript testify against this statement. None of the truncations of the beta subunit affect ATPase activity, formation of phosphoenzyme, turnover number or affinity for K+. Therefore, a shift towards E1P conformation in the mutants does not affect the overall ATPase reaction, indicating that N-terminal amino acid residues of the beta subunit are not important for "preventing inefficient ion transport or reverse-flow of protons" and generating a large H+ gradient. I believe that the authors should change the title of the paper by focusing on the novel structural features they found for the H,K-ATPase. "A novel ratchet mechanism" is not appropriate as a title because the authors do not present experimental evidence for this mechanism. Accordingly, the last sentence in the abstract and the last sentence in the Introduction should be rephrased. Alternatively, the authors should present new experimental data that prove the importance of the interaction between the beta subunit and P domain.>>
We appreciate the scientific and sincere comments by referee #3. We are happy to change the title and related parts according to the suggestion by referee #3. While we need time to publish the direct experimental evidence, we still believe our finding to be relevant for the generation of a large proton gradient because of the reason described below. In the case of H+,K+-ATPase, with the exception of the chemical modification of the enzyme (Rabon et al, 1982) ñ no studies, including a number of mutational studies, have been able to detect significant amounts of ADP-sensitive E1P, although the E1P/E2P distribution of the Na+,K+-ATPase can be shifted towards the E1P state by changes in the sodium concentration in the reaction medium. We take this as a strong indication that the H+,K+-ATPase uses a specific mechanism to prevent formation of its E1P state via the physiologically undesired reverse reaction. Since the energetically most demanding step in the reaction cycle is most likely the proton release from the binding pocket during the transition from E1P to E2P, the strong E2P preference of H+,K+-ATPase would be required for efficient proton release into the acidic luminal space. If we correctly understand that referee #3 takes the same overall activities of all deletion mutants as an indication of the less contribution of the interaction between -N-terminal and the P domain to the transport cycle. (If we misunderstood and thus responded inappropriately to the reviewerís comment, we would be grateful if we were granted another opportunity to address the reviewerís concern.) Since the transition from E1P to E2P is not a rate limiting step in H+,K+-ATPase overall reaction, it seems likely that the deletion of N-terminus much less affected the overall turnover than the partial reaction. Observed same overall activities ( Figure S3A ) of all variants are consistent with the significant K+-sensitivity of phosphoenzyme of all examined mutants ( Figure 3B , green columns). Thus, our results shown in Figure 3B and S3 suggested that N-terminal truncations do not affect the forward reaction (E1P to E2P), but substantially accelerate the reverse reaction (E2P to E1P). Therefore, we believe that the almost identical ATPase activity of all H+,K+-ATPase variants would not indicate less contribution of the -N-terminal structure for the transport cycle. At this moment, we are confirming our ratchet model employing voltage-clamp fluorometry measurements on oocyte expressing H+,K+-ATPase variants, and our preliminary results support our proposed ratchet hypothesis. However, we agree with the comments by referee #3 that we have not shown any direct evidence for the disability of the proton transport activity by N-terminal truncation in the present paper. Therefore, according to the referee #3ís suggestion, we have changed the title and relative phrases in the Abstract and Introduction parts. However, we believe that the line of evidence described above allows us to discuss a ratchet model under in vivo conditions.
Title: "Inter-Subunit Interaction of Gastric H+,K+-ATPase Prevents Reverse Reaction of the Transport Cycle"
Major comments by Referee #3 (1) <<Major comments. 1. Phosphorylation-dephosphorylation assay (Fig. 3B and Supplementary Figure S3, C) .The authors analyze the amount of EP on the gel and indicate the lower band as the phosphoenzyme of the H,KATPase (arrowhead). What is the upper band? It's density depends on the presence of SCH28080, especially in the mutant, indicating that its radioactivity is also associated with the H,K-ATPase.>> Response: As pointed out by referee #3, the density of the upper band looks different in the presence or absence of the inhibitor SCH28080. However, this band is not sensitive either high concentration of K+ ( Figure S3C, lane 10) , ouabain or omeplazole (not shown in the paper), but sensitive for orthovanadate (not shown). The same band was also found in the membrane fraction of mock (only plasmid) or alpha-subunit-only (no activity and EP formation) transfected HEK cell. Furthermore, the amount of this fraction differs among trials. Therefore, although we donít know the reason why the amount of the upper band looks different in these gels, we think the band indicated by arrowhead should be responsible for H+,K+-ATPase, the upper band would be a contamination from the HEK293 cell membranes. Such background can be also found in the paper by Asano et al. (Asano et al, 2001 ). This might be related to the relatively lower expression level of the H+,K+-ATPase in HEK cells than other isoforms, like Na+,K+-ATPase or Ca2+-ATPase. Therefore, we have added following sentence in the legend for Figure S3 .
"It is also notable that the band found at upper part of the -subunit may be a contamination from HEK cell membrane, because it is also present in mock (plasmid-only) or -subunit-only (no ATPase activity as well as EP formation) transfected HEK cell membranes (data not shown)."
Major comments by Referee #3 (2) <<2. The main conclusion of the mutational data is based on the comparison of densities of the bands corresponding to chasing EP without ligands (lanes 5-6) or with ADP (lanes 8-9) (Supplementary Figure S3, C) . The difference between densities of lanes 5-6 and lanes 8-9 is taken as a measure of ADP-sensitive dephosphorylation of EP. The authors claim that this difference is affected in the mutants. However, the digital autoradiography introduces a huge error in quantification of the results. The range of linear dependence between the amount of phoshoenzyme and the density of the band is very narrow. Thus, the bands on lanes 2-3, 4-5 and 8-9 for the WT look over-saturated. As a result, the difference between 5-6 and 8-9 might be underestimated in the wt, but not in the mutant. Radioactivity of EP should be counted directly either in Trichloroacetic Acid precipitates (+/-SCH28080) or after cutting the EP band from the gel.>> Response: We are quite sure and confirm each measurement that the dynamic range of autoradiagraphy is well within the linear range. We suspect the reason why referee #3 found the density saturated is due to the contrast modification using graphic software (i.e. Adobe photoshop). However, since the contrast was modified linearly and we didnít state apply the gamma-values for the figure. Therefore, we believe that the read-out of the amount of the phosphoenzyme itself is correct. On the other hand, it is true that the data is noisy. We instead think, as described above, the low expression level of H+,K+-ATPase is largely affected S/N ratio rather than the quantification process. For the same reason, our attempt to direct counting of 32P binding from the TCA precipitated membrane fractions were not successful. To correct the misleading display in Figure S3C , we have replaced graphics with less enhancement of their contrast, according to the comments by referee #3.
Major comments by Referee #3 (3) <<3. Statistical analysis should be performed properly. The number of experiments and statistical significance of differences should be indicated. I noticed that the error bars on the graph presented on Supplementary Figure S3 ,A were not calculated correctly. For example, the error bars for the wt and the mutant delta-13 look smaller than they should be (the relative error for the turnover number should be a sum of relative errors of Specific activity and EP).>>
We are afraid that our poor description led to a misunderstanding for referee #3. The error bars in Figure S3A were calculated from the values among more than three independent lot of the membrane fraction. The turnover number was calculated for each lot of the membrane fraction. For example, the turnover numbers of delta13 mutants are 76%, 163%, 103%, 104%, 108% compared with wild-type membrane fraction which is prepared at the same time. Therefore, the error bars would not be a sum of the error bars of specific activity and EP. We instead agree with the suggestion by referee #3, and have added statistics and following sentence in the Figure 3B , S3A and their legends.
We have added "*" at Figure 3B , green columns for 8 and 13, and Figure S3A , blue and green column. Accordingly, we rewrite figure legend as follows;
For Figure 3 legend (Page 37, Line 6-7) "Asterisks indicate values significantly different from that of the wild-type one (P < 0.01)."
For Figure S3 legend "The data are presented as the mean value ± standard deviation for more than 3 independent experiments using different lot of membrane fraction. Asterisks indicate values different from that of the wild-type one (P < 0.01)."
Major comments by Referee #3 (4) <<4. The description of the ATPase activity assay should be presented.>>
We have added the ATPase assay procedure in the Materials and methods section as follows (Page 22, Line 4-10). Accordingly, we also add reference for this paragraph (Chifflet et al, 1988) .
"For the measurement of H+,K+-ATPase activity of HEK-293 cell expressing variants, the permeabilized membrane fraction (as described above) was incubated at 37 ∞C with reaction buffer containing 40 mM PIPES, pH 7.0, 10% glycerol, 1 mM MgCl2, 1 mM ATP and 2 mM or 0-50 mM CH3CO2K. After 10 to 20 min, the reaction was terminated by adding an equal volume of 12% SDS. The concentration of inorganic phosphate was determined colorimetrically by complexation with ammonium molybdate (Chifflet et al, 1988) ."
Minor comments by Referee #3 (1) <<Minor comments: 1. Abstract: "Different from other P-type ATPases..." The authors, probably, meant "different from the Na,K-ATPase. The Ca-ATPase does not have a beta subunit.>> Response: We have changed this as indicated by referee #3 (Page2. Line 7).
Response for all of referees: Finally, we again appreciate valuable and insightful comments and suggestions by all of referees. Because of their contributions, our present manuscript is improved significantly. Thank you for submitting your revised manuscript to the EMBO Journal. I asked the original referees #2 and 3 to review the revised version and I have now heard back from both referees. As you can see below, both referees are supportive of the study, but also have a few remaining points that I would like you to address/respond to before we proceed with the acceptance of your study for publication in the EMBO Journal. Addressing the remaining issues should not involve too much additional work. When you send us your revision, please include a cover letter with an itemised list of all changes made, or your rebuttal, in response to comments from review.
Yours sincerely,
Editor
The EMBO Journal ______ REFEREE REPORTS:
The MS by Abe et al is certainly improved but still it lacks some level of moderation: 1) My concerns on the truncation studies (that in case of a beta-structured N-domain of the betasubunit may cause misfolding) are not fully met, but rather deferred by discussions of general misfolding. Clearly the protein is not misfolded overall by these truncations, but if they casue a local unfolding of the beta subunit N-domain they may well have a signficant effect on the kinetics which do not necessarily imply a loss-of regulatory function but rather a gain of altered function. Adding denatured peptide to a pump could have all kinds of unspecific effects 2) A docking model at 6.5 ≈ resolution can indeed be used for plotting interaction surfaces -why go through this modelling process if not used for any significant discussions? It is clearly not feasible to make considerations at the atomic level, but it will be possible to pinpoint surface patches and note their level of conservation and therefore also to identify residues that might be interesting to approach by mutagenesis.
The revised manuscript is suitible for publication after correcting the statistical analysis of the results presented on Supplementary Figure 3A . Since the the Turnover number is not an independently measured experimental value, but instead is the ratio of two experimental values, Specific activity and EP, the relative error of the Turnover number should be calculated as a sum of the relative error of Specific activity and the relative error of the EP. The way the authors calculated the average and the error of the the Turnover number would be suitable only if the Turnover number were derived from a single experimentally measured value. 
Answer to Referees
Comments by Referee #2 (1) << The MS by Abe et al is certainly improved but still it lacks some level of moderation: 1) My concerns on the truncation studies (that in case of a beta-structured N-domain of the betasubunit may cause misfolding) are not fully met, but rather deferred by discussions of general misfolding. Clearly the protein is not misfolded overall by these truncations, but if they casue a local unfolding of the beta subunit N-domain they may well have a signficant effect on the kinetics which do not necessarily imply a loss-of regulatory function but rather a gain of altered function. Adding denatured peptide to a pump could have all kinds of unspecific effects>>
Response:
We acknowledge the careful comments by referee #2. In this paper, certainly, we cannot completely exclude the possibility of the local misfolding at the N-terminal tail of the -subunit. As indicated in the previous revision, we consider several pump properties which do not change among all H+,K+-ATPase variants (e.g. Turnover number, K+-affinity) to exclude this possibility. Furthermore, the 4 amino acids deletion mutant shows no difference in its E1P/E2P equilibrium as well as any ATPase properties compared with wild-type, suggesting the local misfolding by deletion is unlikely. Designing point mutations on the -N-terminus could be a possible strategy to diminish this possibility. However, as described below, our EM structure and homology model is not sufficient to identify a single amino acid which is responsible for the P domain and N--subunit interaction. We hope that we can identify the specific interaction site in a future paper, hopefully with point mutation studies based on high resolution H+,K+-ATPase structure. Therefore, according to the concern by referee #2, we have added the following sentence in the paper to state the possibility of local misfolding of the -N-terminus by deletion.
Page 16, Line 8-10 "Further point mutational analysis would also help to identify the specific interaction site, and to reduce possible secondary effects such as local misfolding."
Comments by Referee #2 (2) << 2) A docking model at 6.5 ≈ resolution can indeed be used for plotting interaction surfaces -why go through this modelling process if not used for any significant discussions? It is clearly not feasible to make considerations at the atomic level, but it will be possible to pinpoint surface patches and note their level of conservation and therefore also to identify residues that might be interesting to approach by mutagenesis.>>
We thank for the kind suggestion by referee #2. However, we have not succeeded in the modeling of the N-terminal tail of the -subunit. At this resolution, the observed surface patches are not always due to a residue of individual amino acid. As seen in the EM structure, since the N-terminal tail of the -subunit is slightly bent at the N-terminal side, we are not sure whether the structure is composed of only -helix or not, and there may be complex folding at the N-terminal region. Results of deletion mutant suggested that the interaction may occur at amino acid from 5 to 8 at the N-terminus of the -subunit, because a greater E1P shift is observed when more than 8 amino acids are truncated. Therefore, according to the suggestion by referee #2, we added following sentence to suggest possible interaction sites between the P domain and -N-terminus.
Page 15, Line 15-17 "Results of our deletion experiment are suggestive of an important role for polar amino acids 5 to 8 at the N-terminus of the -subunit (1MAAL5QEK8K), although our 6.5 ≈ map could not discriminate any individual residues."
Comments by Referee #3 <<The revised manuscript is suitible for publication after correcting the statistical analysis of the results presented on Supplementary Figure 3A . Since the the Turnover number is not an independently measured experimental value, but instead is the ratio of two experimental values, Specific activity and EP, the relative error of the Turnover number should be calculated as a sum of the relative error of Specific activity and the relative error of the EP. The way the authors calculated the average and the error of the the Turnover number would be suitable only if the Turnover number were derived from a single experimentally measured value.>> Response: We agree with referee #3. The experimentally measureable values are specific activity and the amount of phosphoenzyme. Within each individual experiment, however, the relative error in ATPase activity and EP are much less scattered (3-5%) than the error of the Turnover number among different experimental set (more than 30%). Therefore, the average values of each ATPase activity and EP measurement are reliable enough to calculate the Turnover number. In our knowledge, the mean value and error of the Turnover number is usually calculated without using errors in ATPase activity and EP as shown in a typical paper, for example, Teramachi et al, 2002 , or Vilsen B (1997 . The large error found in Turnover number comes from scattered values of different batches of membrane fraction, and we think that the present form of statistics gives sufficient information among each H+,K+-ATPase variants. Therefore, we added a paragraph in Material and method and a reference for the figure legend of Supplementary figure 3A as follows. Accordingly, the reference (Vilsen B (1997) Leucine 332 at the boundary between the fourth transmembrane segment and the cytoplasmic domain of Na+,K+-ATPase plays a pivotal role in the ion translocating conformational changes. Biochemistry 36: 13312-13324) is added in the reference list.
Materials and methods, Page 22, Line 11 -Page 23, line 1 "The Turnover number is calculated as a ratio between the H+,K+-ATPase activity and the maximum amount of phosphoenzyme in each batch of membrane fractions. It is notable that each individual measurement for the ATPase activity and the amount of EP contains 3-5% error,
